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Abstract
We consider QCD tt¯Z production at the LHC with Z → ν¯ν and all-hadronic tt¯ decays, i.e.
pp → p/T bb¯+4 jets, as a tool to measure ttZ couplings. This channel has a significantly larger
cross section than those where the Z boson decays leptonically. However, tt¯, bb¯ + 4 jet, tt¯j and
tt¯jj production give rise to potentially large backgrounds. We show that these processes can be
suppressed to an acceptable level with suitable cuts, and find that adding the p/T bb¯+4 jet channel
to the final states used in previous ttZ couplings analyses will improve the sensitivity by 10−60%.
We also discuss how the measurement of the ttZ couplings may constrain Little Higgs models.
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I. INTRODUCTION
Although the top quark was discovered more than ten years ago [1, 2], many of its
properties are still only poorly known [3]. In particular, the couplings of the top quark
to the electroweak (EW) gauge bosons have not yet been directly measured. 1 The large
top quark mass [5] suggests that it may play a special role in EW symmetry breaking
(EWSB). New physics connected with EWSB may thus be found first in top quark precision
observables. A possible signal for new physics is a deviation of the any of the ttγ, ttZ or
tbW couplings from the values predicted by the Standard Model (SM). For example, in
technicolor and other models with a strongly coupled Higgs sector [6], and in Little Higgs
models [7], anomalous top quark couplings may be induced at the 5− 10% level.
Current data provide only weak constraints on the top quark couplings to EW gauge
bosons, except for the ttZ vector and axial vector couplings, which are rather tightly but
indirectly constrained by LEP/SLC Z-pole data (see Ref. [8] and references therein); and
the right-handed tbW coupling, which is severely bounded by the observed b→ sγ rate [9].
Future collider experiments offer many possibilities to probe the EW top quark couplings.
The most promising ones with respect to the ttV (V = γ, Z) couplings are provided by an
e+e− linear collider via e+e− → γ∗/Z∗ → tt¯ [10, 11, 12, 13, 14, 15, 16], and the LHC via
tt¯V production [8, 17, 18].
At an e+e− linear collider operating at
√
s = 500 GeV and with an integrated luminosity
of 100 − 200 fb−1, one could measure the ttV couplings in top pair production with a few-
percent precision [13]. However, the process e+e− → γ∗/Z∗ → tt¯ is sensitive to both ttγ and
ttZ couplings simultaneously, and significant cancellations between the various couplings can
occur. At hadron colliders, tt¯ production is so dominated by the QCD processes gg, qq¯→ tt¯
that a measurement of the EW neutral couplings via qq¯ → γ∗/Z∗ → tt¯ is hopeless. Instead,
they can be measured in QCD tt¯Z/γ production and radiative top quark decays in tt¯ events
(tt¯ → γW+W−bb¯). Each of the processes is sensitive to the EW couplings of only the
boson emitted: Z and photon independently. This obviates having to disentangle potential
cancellations between the different couplings. In these three processes one can also hope
to separate the dimension-four and -five couplings which appear in the effective Lagrangian
describing ttV interactions.
In Ref. [8] we presented a detailed analysis of tt¯V production at hadron colliders. We
found that while the ttγ couplings can be measured at the LHC with a precision of typically
a few percent, the bounds on the ttZ couplings are a factor 3 − 10 weaker, in particular
for the vector and axial vector couplings, FZ1V and F
Z
1A. A major factor which limits their
sensitivity is the relatively small cross section for tt¯Z production when one requires the Z
boson to decay leptonically (where we mean ℓ+ℓ− (ℓ = e, µ) throughout), as in our previous
analysis.
In this paper, we extend our tt¯Z analysis to the case where the tt¯ pair decays hadronically
and the Z boson decays into neutrinos. Due to the larger branching ratio for Z → ν¯ν
relative to leptonic decays, this effectively triples the number of events which can be utilized,
thus our present analysis may significantly improve the limits on anomalous ttZ couplings.
However, the increased statistics comes at the price of a background which is potentially
much larger than the signal. After reviewing the definition of the ttZ couplings, we present
1 Although the measurement of theW boson helicity in top quark decay [4] may be regarded as a constraint
on top quark couplings.
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a detailed discussion of the signal and all relevant backgrounds (Sec. II), showing that the
most important backgrounds can be adequately suppressed by imposing suitable cuts. In
Sec. III we derive sensitivity bounds for the bb¯ν¯ν+4j final state and combine them with
those we obtained previously [8]. We also explore how a ttZ coupling measurement at the
LHC may help constrain parameters of Little Higgs models. We summarize our findings in
Sec. IV.
II. CALCULATION OF SIGNAL AND BACKGROUND
A. Definition of general ttZ couplings
The most general Lorentz-invariant vertex function describing the interaction of a Z
boson with two top quarks can be written in terms of ten form factors [19], which are
functions of the kinematic invariants. In the low energy limit, these correspond to couplings
which multiply dimension-four or -five operators in an effective Lagrangian, and may be
complex. If the Z boson couples to effectively massless fermions, the number of independent
form factors is reduced to eight. In addition, if both top quarks are on-shell, the number is
further reduced to four. In this case, the ttZ vertex can be written in the form
ΓttZµ (k
2, q, q¯) = −ie
{
γµ
(
FZ1V (k
2) + γ5F
Z
1A(k
2)
)
+
σµν
2mt
(q + q¯)ν
(
iFZ2V (k
2) + γ5F
Z
2A(k
2)
)}
,
(1)
where e is the proton charge, mt is the top quark mass, q (q¯) is the outgoing top (anti-
top) quark four-momentum, and k2 = (q + q¯)2. The terms FZ1V (0) and F
Z
1A(0) in the low
energy limit are the ttZ vector and axial vector form factors. The coefficients FZ2V (M
2
Z)
and FZ2A(M
2
Z), where MZ is the Z boson mass, are related to the the weak magnetic and
(CP -violating) weak electric dipole moments, gZt and d
Z
t . At tree level in the SM,
FZ,SM
1V = −
1
4 sin θW cos θW
(
1− 8
3
sin2 θW
)
, FZ,SM
1A =
1
4 sin θW cos θW
,
FZ,SM
2V = 0 , F
Z,SM
2A = 0 ,
where θW is the weak mixing angle. The numerically most important radiative corrections
to the vector and axial vector couplings can be taken into account by replacing the factor
(1−8 sin2 θW/3) in FZ,SM1V by (1−8 sin2 θteff/3), where sin2 θteff is the effective mixing angle;
and by expressing the remaining factors of sin θW and cos θW in F
Z,SM
1V,A in terms of the
physical W and Z masses. Numerically, the one-loop corrections to FZ1V,A are typically of
O(10−2−10−3) [20]. The weak magnetic dipole form factor FZ2V receives contributions of the
same magnitude [21] at the one-loop level in the SM. However, there is no such contribution
to the weak electric dipole form factors, FZ2A [19].
S-matrix unitarity restricts ∆FZ1V,A(0) = F
Z
1V,A(0) − FZ,SM1V,A to be . O(1) if the scale of
new physics is of the order of a few TeV [8, 22].
B. Signal
The process pp → tt¯Z with leptonic Z boson decay was considered in detail in Ref. [8].
Here we concentrate on final states where Z → ν¯ν. Since the tt¯Z cross section is too small to
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be observable at the Tevatron, we concentrate our efforts on the LHC. The neutrinos escape
undetected and, thus, manifest themselves in the form of missing transverse momentum,
p/T . If one or both W bosons originating from the top decay, t → Wb, decay leptonically,
the observed states, ℓp/T bb¯jj and ℓℓ
′p/T bb¯, are identical to those resulting from ordinary tt¯
production. As the tt¯ cross section is more than a factor 1000 larger than that of tt¯Z, it
will be very difficult to sufficiently suppress this background. We therefore consider only the
case where both W bosons decay hadronically,
pp→ p/T bb¯+ 4j . (2)
We assume that both b quarks are tagged with a combined efficiency of ǫ2b = 0.4. Note
that, since there is essentially no phase space for t → WZb decays (BR(t → WZb) ≈
3 · 10−6 [23, 24]), tt¯ production with one top decaying into WZb does not contribute to the
final state of Eq. (2).
We perform our calculation for general ttZ couplings of the form of Eq. (1). At LHC
energies, Z boson transverse momenta of at most a few hundred GeV are accessible in
tt¯Z production. The scale of new physics responsible for anomalous ttZ couplings would be
expected to be of O(1 TeV) or higher. Form factor effects will thus be small and are therefore
neglected in the following. We also assume that all ttZ couplings are real. We otherwise
assume the SM to be valid. Our calculation includes top quark and Z boson decays with
full spin correlations and finite width effects. All top quark resonant Feynman diagrams are
included. To ensure gauge invariance of the SM result, we use the so-called overall-factor
scheme of Ref. [25] as implemented in the madgraph [26]-derived code of Ref. [27].
All signal and background cross sections in this paper are computed using CTEQ6L1 [28]
parton distribution functions with the strong coupling constant evaluated at leading order
and αs(M
2
Z) = 0.130. We set the top quark mass to mt = 178 GeV [29].
2 All signal cross
sections in this paper are calculated for factorization and renormalization scales equal to mt.
The basic acceptance cuts for p/T bb¯+4j events at the LHC are
pT (b) > 20 GeV , |η(b)| < 2.5 , ∆R(b, b) > 0.4 ,
pT (j) > 30 GeV , |η(j)| < 2.5 , ∆R(j, j) > 0.4 , ∆R(j, b) > 0.4 , (3)
where ∆R = [(∆φ)2 + (∆η)2]1/2 is the separation in pseudorapidity–azimuth space. We
include minimal detector effects via Gaussian smearing of parton momenta according to
CMS [31] expectations, and take into account the b jet energy loss via a parameterized
function. To ensure that the LHC experiments can trigger on the events of interest, we
require at least three (b- or non-b) jets to have
pT (j) > 50 GeV (4)
and
p/T > 5 GeV
1/2
√∑
pT , (5)
where the sum extends over jets and b quarks in the final state. Furthermore, to reduce the
background from non-resonant Zbb¯ + 4j production and singly-resonant processes such as
2 A recent update of the Tevatron top mass analysis using Run II data has resulted in a slightly lower value,
mt = 172.7 GeV [30]. This value leads to a marginally higher tt¯Z cross section.
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pp → tb¯Zjj, we require that the two b quarks and four jets are consistent with originating
from a tt¯ pair. This is accomplished by selecting events which satisfy
χ2min = min
b1j1j2b2j3j4 perm
[
χ2(b1j1j2; b2j3j4)
]
< 3 (6)
where χ2min is the minimum of the χ
2(b1j1j2; b2j3j4) values of all possible combinations of jet
pairs and bjj combinations, and
χ2(b1j1j2; b2j3j4) =
(m(j1j2)−MW )2
σ2W
+
(m(j3j4)−MW )2
σ2W
+ (7)
(m(b1j1j2)−mt)2
σ2t
+
(m(b2j3j4)−mt)2
σ2t
.
For the W → jj and t → bjj invariant mass resolutions we take σW = 7.8 GeV and
σt = 13.4 GeV [32].
As we discuss in more detail below, potentially large backgrounds arise from ordinary
tt¯ and bb¯+4j production where the four momentum vector of one or more jets is badly
mismeasured. In contrast to signal events, the azimuthal opening angle ∆φ(p/T , pT (bb¯))
between the missing transverse momentum and the transverse momentum of the two b
quarks,
pT (bb¯) = pT (b) + pT (b) (8)
in tt¯ and bb¯+ 4j background events is typically smaller than 90◦. The same is also true for
the azimuthal opening angle ∆φ(p/T , pT (had)) between the missing transverse momentum
and the transverse momentum of the four leading non-b jets,
pT (had) =
4∑
i=1
pT (ji). (9)
In addition to the cuts listed in Eqs. (3)– (6), we therefore require
∆φ(p/T , pT (bb¯)) > 100
◦, ∆φ(p/T , pT (had)) > 100
◦ . (10)
Imposing the cuts listed in Eqs. (3)– (10), and before taking into account b-tagging efficien-
cies, we obtain a signal cross section of about 3.4 fb.
C. Background processes
The potentially most dangerous irreducible background to p/T bb¯+4j production originates
from tt¯j production, where one top quark decays hadronically, t→Wb→ bjj, and the other
via t → Wb → τντ b with the τ -lepton decaying hadronically, τ → hντ . We calculate this
process using tree level matrix elements which include all decay correlations. Because of its
small mass and typically high transverse momentum, we simulate τ decays in the collinear
approximation. All τ decays are calculated following the approach described in Ref. [33]. For
the probability that a τ -jet is misidentified as a light quark/gluon jet we assume a constant
value of Ph→j = 20%. Ref. [34] found that Ph→j decreases with increasing jet transverse
momentum, from 20% for pT (j) = 20 GeV to 5% at pT (j) = 60 GeV. Our results for the tt¯j
background thus should be regarded as conservative.
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Other contributions to the irreducible background arise from singly-resonant top quark
production (tb¯Zjj and t¯bZjj), and from non-resonant WZbb¯jj and Zbb¯ + 4j production.
The calculation of these backgrounds was discussed in detail in Ref. [8] for Z → ℓ+ℓ− decays.
It is straightforward to adapt the calculation to Z → ν¯ν decays. Finally, tt¯jj production
with tt¯ → τ+νττ−ν¯τ bb¯ and both τ -leptons decaying hadronically has to be considered. We
calculate this background using alpgen [35], treating τ decays the same as for the tt¯j
background discussed above.
There are also several reducible backgrounds which result from missing transverse momen-
tum arising from badly-mismeasured jet momenta, or from not detecting a charged lepton.
The main contributions to the first category arise from tt¯, bb¯+4j and 6j production. We
calculate the latter two processes using alpgen. QCD 6j production contributes only if two
light jets are misidentified as b jets. To estimate the contribution of this process we assume
the probability for a light jet to be misidentified as a b jet to be Pj→b = 1/100. QCD tt¯jj
production contributes to the background if tt¯→ ℓ±νℓbb¯jj (ℓ = e, µ) and the charged lepton
is missed. Likewise, pp→ tt¯W contributes if the tt¯ system decays hadronically, tt¯→ bb¯+4j,
and the lepton in W → ℓν is missed; or if tt¯→ ℓ±νℓbb¯jj and W → jj. We assume that an
electron or muon is missed if |η(ℓ)| > 2.5, pT (ℓ) < 10 GeV, or if either ∆R(ℓ, j) < 0.4 or
∆R(ℓ, b) < 0.4. Since electrons can be detected, albeit with reduced efficiency, at rapidities
larger than 2.5 using the forward electromagnetic calorimeter, our estimates of the tt¯jj and
tt¯W backgrounds are conservative. We calculate the tt¯jj background again using alpgen.
Our calculation of the tt¯j(j) backgrounds does not include contributions from tt¯(j) pro-
duction where one or both top quarks decay radiatively, t→ Wbj(j). Due to the p/T and χ2
cuts of Eqs. (5) and (6), such contributions are strongly suppressed.
In Fig. 1 we show the missing transverse momentum distributions for the SM tt¯Z signal
(solid curve) and for various backgrounds. The p/T requirement of Eq. (5) implies that p/T >
80 GeV. The most important backgrounds originate from tt¯jj and tt¯j production. However,
the missing transverse momentum distribution from these processes falls considerably faster
than that of the signal: for p/T > 300 GeV, the SM signal dominates. The tt¯W background
(dotted line) is about one order of magnitude smaller than the signal. The tt¯ (dashed
line) and bb¯+4j (histogram) backgrounds are important only at low values of p/T . Since
the missing transverse momentum in these events originates entirely from b-decays and
mismeasurements, their p/T distributions fall very rapidly. This is even more the case for the
6j background which we found to essentially vanish after cuts. The tt¯jj, tt¯→ τ+νττ−ν¯τbb¯→
p/T bb¯jj background is found to be about four orders of magnitude smaller than the signal,
thus is not shown.
The background contributions of Zbb¯+4j, calculated with alpgen [35], and WZbb¯jj,
tb¯Zjj and t¯bZjj production, calculated with madevent [36], are not shown in Fig. 1. As
discussed in Ref. [8], these cross sections are one to two orders of magnitude smaller than
the signal and can safely be neglected here.
It should be noted that the background cross sections as calculated at tree level depend
significantly on the choice of factorization and renormalization scales, µF and µR, which were
taken to be µF = µR = mt in all cases, even for backgrounds without resonant top quarks.
Including next-to-leading order (NLO) corrections in most cases significantly reduces the
scale dependence of a process. Unfortunately, the NLO QCD corrections are not presently
known for any of the background processes, except for tt¯ production [32, 37]. However, as we
shall discuss in Sec. IIIA, it may be possible to extract the background cross sections using
data. For the dominant tt¯j(j)j backgrounds this should provide a more accurate estimate
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Figure 1: The differential cross sections as a function of missing transverse momentum for p/T bb¯+4j
production at the LHC. Shown are the SM predictions for tt¯Z production and various backgrounds.
We impose the cuts of Eqs. (3–10), but do not include the double b-tag efficiency common to all
curves.
of the cross section than the leading order QCD predictions.
The p/T distribution for pp → tt¯Z in the SM (after decays), and for various anomalous
ttZ couplings, together with the combined p/T distribution of the tt¯, bb¯ + 4j, tt¯j and tt¯jj
backgrounds, are shown in Fig. 2. Only one coupling at a time is allowed to deviate from its
SM prediction. Fig. 2 shows that, as in the case when the Z boson decays leptonically [8],
varying FZ1V,A leads mostly to a normalization change of the SM signal cross section, hardly
affecting the shape of the p/T distribution. Thus, the low-p/T region contributes most of
the statistical weight when extracting bounds on FZ1V,A. Since the signal p/T distribution
is approximately proportional to (FZ1V )
2 + (FZ1A)
2, it is difficult to disentangle vector and
axial vector couplings in the p/T bb¯+4j final state.
3 Furthermore, FZ1V,A = F
Z,SM
1V,A and F
Z
1V,A =
−FZ,SM
1V,A yield approximately the same cross sections.
The dimension five couplings, FZ2V,A, on the other hand, lead to a missing transverse
momentum distribution significantly harder than that predicted by the SM. As a result,
most of the sensitivity to FZ2V,A originates from the high-p/T region. While the background is
about one order of magnitude larger than the signal close to p/T threshold, it is smaller than
the signal for p/T > 380 GeV. As a result, the limits extracted for F
Z
2V,A depend considerably
3 In tt¯Z final states with Z → ℓ+ℓ−, other distributions, such as the azimuthal (transverse plane) opening
angle between the charged leptons, may be used to help discriminate between FZ
1V
and FZ
1A
[8].
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Figure 2: The differential cross sections as a function of missing transverse momentum for p/T bb¯+4j
production at the LHC. Shown are the SM predictions for tt¯Z production (solid line), the combined
tt¯, bb¯ + 4j, tt¯j and tt¯jj background, and the predictions for several non-standard ttZ couplings.
Only one coupling at a time is allowed to deviate from its SM value. We impose the cuts of
Eqs. (3–10), but do not include the double b-tag efficiency common to all curves.
less on the background than those for FZ1V,A.
As stated before, we require that both b quarks be tagged. A looser requirement of at least
one tagged b quark would result in a signal cross section increase of a factor (2/ǫb−1), about
2.2 using our b-tagging assumption. But this larger signal rate comes at the expense of an
increased background. In particular, the 6j and bb¯+4j backgrounds increase drastically due
to the larger combinatorial background from grouping jets and the tagged b quark. Detailed
calculations would be needed for a quantitative estimate of the increase. However, since the
single-b-tagged background is probably considerably larger than that for the double b-tagged
channel, we do not consider it here.
III. ANOMALOUS COUPLINGS LIMITS AND MODEL IMPLICATIONS
A. Limits on anomalous ttZ couplings
The shape and normalization changes of the p/T spectrum can be used to derive quan-
titative sensitivity bounds on anomalous ttZ couplings. We do this by performing a log-
likelihood test on the distribution and calculating 68% confidence level (CL) limits. To
calculate the statistical significance, we split the p/T distribution into bins, each with typi-
8
cally more than five events. We impose the cuts described in Sec. II B and assume a double
b-tag efficiency of ǫ2b = 0.4. Except for the ttZ couplings we assume the SM to be valid:
the tbW and ttg couplings can be independently and precisely measured at the LHC in
single top [38] and tt¯ production [32], respectively. We perform multi-parameter fits for the
different anomalous couplings, which we assume to be real.
The log-likelihood function we use to compute confidence levels is
− 2 logL = −2
[∑
i
(−fSSi − fBBi + n0i log(fSSi + fBBi)− log(n0i!))
]
+
(fS − 1)2
(∆fS)2
+
(fB − 1)2
(∆fB)2
, (11)
where the sum extends over the number of bins, Si and Bi are the number of signal and
background events in the ith bin, and n0i is the number of SM events in the ith bin. The
uncertainties on the signal and background normalizations are taken into account via two
multiplicative factors, fS and fB, which are allowed to vary but are constrained within the
relative uncertainties of the signal and background cross sections, ∆fS and ∆fB, respectively.
To derive sensitivity bounds, we take into account the dominant tt¯jj, tt¯j, tt¯ and
bb¯+4j backgrounds. We calculate limits for 300 fb−1 and 3000 fb−1. An integrated lu-
minosity of 300 fb−1 corresponds to 3 years of running at the LHC design luminosity of
L = 1034 cm−2 s−1, while the larger value of 3000 fb−1 can be achieved in about 3 years of
running at the luminosity-upgraded LHC (SLHC) [39].
As mentioned in Sec. II, the dimension five couplings FZ
2V,A lead to a considerably harder
p/T distribution than that predicted by the SM. Most of the sensitivity to these couplings
thus originates from the high missing transverse momentum region. In this region, the signal
to background ratio is of O(1) or better (cf. Fig. 2). The sensitivity bounds on FZ2V,A should
therefore depend very little on the normalization uncertainties of signal and background.
For FZ
1V,A, however, the situation is different. Since the vector and axial vector couplings
essentially change only the overall normalization of the tt¯Z cross section, precise knowledge of
the SM signal cross section is very important. Most of the sensitivity to FZ1V,A comes from the
region of small p/T where the background dominates over the signal. The achievable bounds
on these couplings are thus expected to depend sensitively on the signal and background
cross section uncertainties.
As explained before, except for the tt¯ background, QCD corrections for neither the signal
nor the background cross sections are known. The cross sections of the main backgrounds,
tt¯jj and bb¯+4j production, are proportional to α4s and α
6
s , respectively, whereas the signal
cross section scales as α2s . The background thus depends more strongly on the factorization
and renormalization scales than the signal. Its normalization can be fixed by relaxing the
selection cuts (Eqs. (6) and (10)), measuring the cross section in a background-dominated
region of phase space, and then extrapolating to the analysis region. Since the cross sec-
tions for tt¯jj and bb¯+4j production are large, this should make it possible to determine
the background with an uncertainty (∆fB) of a few percent, provided that the systematic
uncertainties can be adequately controlled and that the QCD corrections do not significantly
change the shape of the p/T distribution of the background. Exactly how well this will work
in practice remains an open question.
To reduce the signal cross section uncertainty, the NLO QCD corrections to tt¯Z produc-
tion must be calculated. This appears to be feasible with current techniques. Once the
corrections are known, the remaining uncertainty (∆fS) is likely to be of order 10%.
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To derive quantitative sensitivity limits for anomalous ttZ couplings, we assume ∆fS =
0.1 and ∆fB = 0.05. Unfortunately, the minimization of −2 logL with respect to fS and fB
cannot be performed analytically. Doing it numerically becomes very time consuming when
more than one of the ttZ couplings are varied at the same time. However, if one does not
allow the signal and background normalizations to vary independently, i.e. if fS = fB = f ,
logL can be minimized analytically. In this case, one finds the minimum of logL to occur
at
f =
1
2
(
1− (∆f)2N +
√
(1− (∆f)2N)2 + 4(∆f)2N0
)
, (12)
where
N =
∑
i
(Si +Bi) (13)
is the total number of events,
N0 =
∑
i
n0i (14)
the total number of SM events, and ∆f is the SM cross section uncertainty. The computer
time required to derive sensitivity limits for anomalous ttZ couplings is now much reduced.
The 68% CL bounds on ∆FZ1V,A we obtain for ∆fS = 0.1 and ∆fB = 0.05 agree with those
derived for fS = fB = f and ∆f = 0.3 within 10− 30%. In view of the current signal and
background cross section uncertainties, an analysis with fS = fB = f and ∆f = 0.3 when all
couplings are varied should be sufficient. At first, it may be somewhat surprising that one
needs ∆f to be significantly larger than ∆fS and ∆fB in order to arrive at similar bounds
for non-standard ttZ couplings. However, varying the signal and background cross section
normalizations separately allows for changes in both the normalization and the shape of the
SM cross section. On the other hand, requiring fS = fB = f allows for only a change in the
normalization. Since the anomalous ttZ coupling sensitivity results from both normalization
and p/T distribution shape changes, taking into account the uncertainty on both naturally
has a relatively larger impact than if only the normalization uncertainty is included in the
analysis. One can partially compensate for this effect by increasing ∆f .
Our results are shown in Figs. 3 and 4, and in Table I. Fig. 3 shows the correlations
between various anomalous ttZ couplings for an integrated luminosity of 300 fb−1; Fig. 4
displays the bounds one can hope to achieve at the SLHC with 3000 fb−1. Shown are the
results for the p/T bb¯+4j final state (dashed lines), the combined limits from the dilepton
and trilepton final states analyzed in Ref. [8] (dotted lines), and the limits resulting from
combining all final states (solid lines). Including the p/T bb¯+4j final state in the extraction
of bounds improves the limits by 10 − 60%. For an integrated luminosity of 300 fb−1, it
will be possible to measure the ttZ axial vector coupling with a precision of about 10%, and
FZ2V,A with a precision of 40%. At the SLHC, these bounds can be improved by factors of
about 1.6 (FZ2V,A) and 2.3 − 3 (FZ1A). The achievable bounds on FZ1V are much weaker than
those projected for FZ1A: as mentioned in Sec. III, the p/T distributions for the SM and for
FZ1V,A = −FZ,SM1V,A are almost degenerate. As a result, an area centered at ∆FZ1V,A = −2FZ,SM1V,A
remains, which cannot be excluded, even at the SLHC where one expects several thousand
tt¯Z events. For FZ
1V , the two regions merge, resulting in rather poor limits. For F
Z
1A, the
two regions are distinct. Since the area centered at ∆FZ1A = −2FZ,SM1A is incompatible with
the indirect limits on the ttZ vector and axial vector couplings from Z-pole data [8], we do
not include this are in Table I or Figs. 3 and 4.
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Figure 3: Projected 68.3% CL bounds on anomalous ttZ couplings from the LHC with an integrated
luminosity of 300 fb−1, for: (a) ∆FZ
1A versus ∆F
Z
1V , (b) ∆F
Z
2V versus ∆F
Z
1A, (c) ∆F
Z
2V versus ∆F
Z
1V ,
and (d) ∆FZ
2A versus ∆F
Z
2V . Shown are the limits obtained from the p/T bb¯+4j (dashed) and the
dilepton and trilepton final states (dotted), and the combined limits (solid). To derive limits for
the dilepton and trilepton final states, we use the results of Ref. [8]. In each graph, only those
couplings which are plotted against each other are assumed to be different from their SM values.
While the bounds on ∆FZ1A improve by 20−60% when the p/T bb¯+4j channel is included in
the analysis, the gain is limited to about 10% for ∆FZ1V . The global limits on the dimension-
five couplings FZ
2V,A improve by about 20%. However, if only F
Z
2V and F
Z
2A are varied,
including the p/T bb¯+4j final state strengthens their bounds by about 35%. The relatively
larger importance of the p/T bb¯+4j channel in this case can be understood by recalling that
most of the sensitivity to the dimension-five couplings originates from high p/T values where
the background is less important. This allows one to take better advantage of the larger
p/T bb¯+4j final state cross section.
The correlations between FZ2A and F
Z
1A (F
Z
2A and F
Z
1V ) are similar to those for F
Z
2V and
FZ1A (F
Z
2V and F
Z
1V ), thus are not shown in Figs. 3 and 4.
The ttZ couplings are indirectly constrained by precision Z-pole data collected at LEP
and SLC. Vector and axial vector couplings are bound by Z-boson data to within a few
percent of their SM values if one assumes that no other sources of new physics contribute.
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Figure 4: Projected 68.3% CL bounds on anomalous ttZ couplings from the SLHC with an inte-
grated luminosity of 3000 fb−1, for: (a) ∆FZ
1A versus ∆F
Z
1V , (b) ∆F
Z
2V versus ∆F
Z
1A, (c) ∆F
Z
2V versus
∆FZ
1V , and (d) ∆F
Z
2A versus ∆F
Z
2V . Shown are the limits obtained from the p/T bb¯+4j (dashed) and
the dilepton and trilepton final states (dotted), and the combined limits (solid). To derive limits
for the dilepton and trilepton final states, we use the results of Ref. [8]. In each graph, only those
couplings which are plotted against each other are assumed to be different from their SM values.
In contrast, the limits obtained for FZ2V are much weaker, |FZ2V | . O(0.2), and depend
on the value of the anomalous magnetic moment of the top quark [40]. The effect of FZ2A
on LEP/SLC observables has not yet been studied. Thus, tt¯Z production at the LHC
will provide valuable information on the dimension-five couplings. Since the LEP/SLC
constraints arise from one-loop corrections which diverge for non-standard ttZ couplings,
they are cutoff-dependent. When taking into account the p/T bb¯+4j final state, the achievable
sensitivity on FZ1A at the SLHC begins to approach that of the indirect bounds from Z-pole
data. For the ttZ vector coupling, it will be impossible to match that precision at the LHC,
even for an integrated luminosity of 3000 fb−1 and including the p/T bb¯+4j final state in the
analysis.
The ttZ couplings can also be tested in e+e− → tt¯. However, as mentioned in Sec. I, the
process e+e− → γ∗, Z∗ → tt¯ is sensitive to both ttγ and ttZ couplings simultaneously. If only
one coupling at a time is allowed to deviate from its SM value, a linear e+e− collider operating
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300 fb−1 (LHC) 3000 fb−1 (SLHC)
coupling p/T bb¯+4j 2ℓ+3ℓ combined coupling p/T bb¯+4j 2ℓ+3ℓ combined
∆FZ
1V –
+0.84
−0.43
+0.75
−0.36 ∆F
Z
1V –
+0.60
−0.18
+0.54
−0.16
∆FZ
1A
+0.12
−
+0.16
−0.13
+0.096
−0.112 ∆F
Z
1A
+0.047
−
+0.049
−0.060
+0.031
−0.048
∆FZ
2V
+0.59
−0.55
+0.47
−0.47
+0.38
−0.39 ∆F
Z
2V
+0.34
−0.32
+0.28
−0.28
+0.25
−0.24
∆FZ
2A
+0.57
−0.58
+0.48
−0.49
+0.40
−0.40 ∆F
Z
2A
+0.33
−0.33
+0.28
−0.29
+0.25
−0.25
Table I: Sensitivities achievable at 68.3% CL for anomalous ttZ couplings at the LHC and SLHC for
integrated luminosities of 300 fb−1, and 3000 fb−1. The limits shown represent the maximum and
minimum values obtained when taking into account the correlations between any possible pair of
anomalous couplings. Results are for the p/T bb¯+4j final state, the combined dilepton and trilepton
final states analyzed in Ref. [8] (labeled 2ℓ+3ℓ), and for all channels combined. The cuts imposed
are described in Sec. IIB.
at
√
s = 500 GeV with an integrated luminosity of 100−200 fb−1 would be able to probe all
ttZ couplings with a precision of 1 − 5% [13]. With the possible exception of FZ1A, a linear
collider will thus be able to significantly improve the sensitivity limits expected from the
LHC, even when the p/T bb¯+4j channel is included and assuming 3000 fb
−1 from the SLHC. It
should be noted, however, that this picture could change once cancellations between different
non-standard ttZ couplings, and between ttγ and ttZ couplings, are allowed. While beam
polarization at an e+e− collider would provide a very powerful tool to disentangle the effects
of different couplings, unfortunately no realistic studies on the simultaneous measurement
of couplings in e+e− → tt¯ have been performed so far.
B. Constraints on Little Higgs parameter space
As noted in Sec. I, the ttZ couplings may deviate substantially from their SM values in
Little Higgs (LH) models. Here we explore how their measurement at the LHC may constrain
parameter space in the SU(5)/SO(5) Littlest Higgs model with T-parity [41, 42, 43]. In this
model, the ttZ vector and axial vector couplings are modified by mixing of the left-handed
top quark and a heavy top quark partner, T . One finds
∆FZ1V = −∆FZ1A =
λ2Tv
2
2m2T
FZ,SM
1A , (15)
where λT is the tTh coupling (h is the Higgs boson), v ≈ 246 GeV is the SM Higgs vacuum
expectation value, and mT is the T quark mass. Eq. (15) and the log likelihood function
can be used to derive lower 68.3% CL limits for mT /λT :
mT
λT
≥ 600 GeV for 300 fb−1, (16)
mT
λT
≥ 1000 GeV for 3000 fb−1. (17)
For comparison, current EW precision data require mT/λT > 650 GeV [44]. We thus expect
the SLHC will be able to improve this bound, while the LHC should be able to discover a T
13
quark with a mass of mT ≤ 2 TeV with 300 fb−1 of data [45]. If a T -quark candidate were
found, a measurement of FZ1A would be valuable in helping to pin down λT .
In LH models without T-parity, anomalous ttZ couplings may receive additional contri-
butions from mixing of theW and Z bosons with a heavy SU(2) triplet of vector bosons,W±H
and W 3H , which are characteristic for LH models [7]. However, constraints from precision
EW data severely restrict these additional contributions.
IV. SUMMARY AND CONCLUSIONS
Currently, little is known about top quark couplings to the Z boson. There are no
direct measurements of these couplings; indirect measurements, using LEP and SLC data,
tightly constrain only the ttZ vector and axial vector couplings. The ttZ couplings could be
measured directly in e+e− → tt¯ at a future e+e− linear collider. However, such a machine
is at least a decade away. In addition, the process e+e− → tt¯ is simultaneously sensitive to
ttγ and ttZ couplings, and significant cancellations between various couplings may occur.
In this paper, we considered tt¯Z production with Z → ν¯ν and tt¯ → bb¯+4j at the LHC
as a tool to measure ttZ couplings. At the Tevatron, the tt¯Z cross section is too small
to be observable. When the Z boson decays leptonically, the small Z → ℓ+ℓ− branching
ratio is one of the main factors which limits the achievable sensitivity to anomalous ttZ
couplings. The larger Z → ν¯ν branching ratio (relative to Z → ℓ+ℓ−) effectively triples the
number of signal events and thus has the potential to significantly improve the sensitivity
to non-standard couplings.
We calculated the signal cross sections taking into account all top quark-resonant Feyn-
man diagrams. All relevant background processes were included in estimating limits on the
couplings. Once tt¯Z selection cuts are imposed, the background drops significantly faster
with missing transverse momentum than the signal, and for p/T > 380 GeV the signal domi-
nates. The largest background source is tt¯jj production, where one of the top quarks decays
semi-leptonically and the charged lepton is lost. In all our calculations we assumed that
both b quarks are tagged, to bring the backgrounds to a controllable level.
Our analysis reveals that the achievable sensitivity limits utilizing final states where
the Z decays leptonically [8] can be improved by 10 − 60% when the p/T bb¯+4j mode is
taken into account. The improvement is particularly pronounced for the ttZ axial vector
coupling FZ1A which can be measured with a precision of 3− 5% at the luminosity-upgraded
LHC (3000 fb−1). Measuring FZ
1A with such precision will make it possible constrain the
parameter space in Little Higgs models which predict deviations of the ttZ vector and axial
vector couplings of up to 10%.
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